Abstract: We analyze visibility loss in photon counting experiments with an Optical Parametric Amplifier (OPA) source. The effect of the finite coincidence window time and bandwidth of the source is calculated for the Ghost interference experiment.
Introduction
The 'Ghost' interference experiment is typical of two-photon interference experiments that bring out quantum entanglement features of light. A visibility greater than 0.5 is a key feature of quantum light. Macroscopic realization of such experiments with high gain sources like and Optical Parametric Amplifier (OPA) can reduce the visibility to less than 0.5. The detection schemes and the bandwidth of the OPA are sources of this loss in visibility. We present a calculation of the 'Ghost' interference experiment with an OPA source to explain the mechanism of the loss and generalize the results for a photon counting detection scheme and a multimode source.
Multimode interaction in OPA
We consider a non-degenerate OPA [1] comprising a non-centrosymmetric crystal with a second order non-linear susceptibility x(2). In the limit of a long crystal and a wide pump beam (perfect phase matching), the interaction where the pump is undepleted and treated classically. The delta function in Eq. (1) indicates the entanglement of the OPA states in wave vector space. Combining the photon commutation relations and the time evolution equations for signal and idler modes, the time-evolved signal and idler are given by [I] ak (t) = a-(0)cosh(Ick| 1) -i4t (0)sinh(ftk. 1) (2) at (t) = at (0)cosh(I(k8t) + iak (0)sinh(Ifk 1) (3) where t is the average time taken by the photons to cross the crystal. ak (0) and at (0) are the annihilation and creation operators for the input signal and idler mode. The factors CoSh(i4k8 j) and sinh(I4k8 1) are the amplification factors that depend on the strength of the non-linearity (2)the pump Ep and the frequency of the signal and idler modes.
Experimental Set-up and Calculation
We now look at the experimental set-up of the ghost interference experiment [2] . A non-linear crystal is pumped by a CW laser(Ap = 35 Inm), to generate pairs of collinear, orthogonally polarized signal(e-ray) and idler(o-ray) photons (Type-II SPDC). The signal and idler beams are separated by a polarizing beam splitter. The signal beam passes through a double slit aperture to a photon counting detector D1. D1 is a fixed point detector. The idler is scanned by an optical fiber and the output from the fiber is coupled to a detector (D2). fi and f2 are filters (spatial or spectral) that limit the number of wavevectors (and bandwidth) of light reaching the detectors. The detectors in the signal and idler arms are connected to a coincidence circuit. We are interested in coincident detection from the signal and idler when the input state is a vacuum. The probability of detecting a photon in D1 in position r' at time t1 and another in D2 at r' and t2 is proportional to the second order correlation function [3] , given by, -(2)(r-t, r2, t2') = (OE(-)(r-, t,)E,()(r-t2)E,(+)(ri, t)E(+)(r-t2)10) (4) where El(r1, t1) and E2(fz, t2) are the electric fields at the detectors D1 and D2. 
A is the bandwidth of the light reaching the detectors and T is the coincidence window time. gA and 9B are the Green's functions that describe propagation of light through the two arms of the experimental setup [4] . If the two detectors register two photons within time T of each other, the photons are assumed to be part of one entangled pair. For the present calculation T = 1.8 ns. From an examination of the above equation, we find that the first term indicates correlation between the modes detected in the two arms. The second term has no such correlation since it factors into two independent terms, one for each arm. Physically, this term corresponds to accidental coincidences of photons that are not entangled with each other. For the double slit placed in the 'Ghost' interference experiment in Fig. 1 diffraction pattern emerges from the correlation in the second term while the second term causes a loss in visibility. The visibility of the interference pattern as a function of the parametric gain, calculated from the expression for coincidence count rate in Eq. (7), is given by A cosh2(lej) A cosh2(jn1) + 2 B (AT) sinh2(jfl) (8) where A and B are constants arising from experimental factors. Fig. 2 shows plots of visibility as the bandwidth of light reaching the detectors is increased. 
For a large number of modes, this probability tends to 0.5. Though the number of good counts seem to dominate according to Eq. (10), the number of modes along with the coincidence window time produce a loss in visibility greater than 0.5. Also in a multimode OPA the loss of visibility is mainly due to the number of modes, and occurs at much lower gain than the two-mode OPA, where the higher order terms lead to loss of visibility for a given coincidence window time. It is important to note that this experiment limited loss of visibility occurs in all coincidence counting measurements since the specifics of the experiment enter only through the Green's functions.We conclude that a cautious choice of sources and detection schemes are necessary in order to observe certain signatures of entangled light in a macroscopic regime.
